The Qinghai--Tibetan Plateau (QTP) plays an important role in the evolution of Asian monsoon and is particularly sensitive to global climate change[@b1]. Over the past thirty years, paleoclimatologists have reconstructed many records at millennial time scales from lake sediments in the QTP[@b2][@b3][@b4][@b5]. Studies on ice cores[@b6][@b7][@b8], tree rings[@b9][@b10], and lake sediments[@b11] also provided some information about the decadal to centennial scale climate variability in the QTP. However, high-resolution climate records are still limited for the QTP. In particular, quantitative climate records are sparse. Lack of this information has greatly hindered our understanding of the QTP climate variability at the decadal to centennial time scales.

Kusai Lake (35°37′--35°50′ N, 92°38′--93°15′ E, 4475 m a.s.l.), a saline lake with a present-day salinity of 28.54 g/l, is situated in the largest almost uninhabited Hoh Xil region of the Northern Qinghai-Tibetan Plateau, NW China ([Fig. 1](#f1){ref-type="fig"}). The 53-year (1957--2009) meteorological data from the Wudaoliang Station (35.22° N, 93.08° E, about 50 km southwest of Kusai Lake) indicate a mean annual temperature of about −5.4°C, a mean annual precipitation of 283 mm, and a mean annual wind speed of about 4.4 m/s. Mean monthly precipitation is higher between May and September than in other months ([Supplementary Fig. S1A](#s1){ref-type="supplementary-material"}). Warm temperatures (above 0°C) occur from June to September ([Supplementary Fig. S1A](#s1){ref-type="supplementary-material"}). Mean monthly wind speed is higher in winter than in other seasons ([Supplementary Fig. S1B](#s1){ref-type="supplementary-material"}).

Results
=======

The Kusai lake sediment cores are well rhythmically laminated. In thin section, the couplets are made of dark reddish-brown silt-sand capped by lighter silt-clay ([Supplementary Fig. S2A](#s1){ref-type="supplementary-material"}). Couplets are present throughout the core, indicating continuous rhythmic deposition. The dark units are generally thin with an average thickness of 0.58 mm ([Supplementary Fig. S3A](#s1){ref-type="supplementary-material"}), and are composed of quartz and feldspar. In some cases, the dark layers form discrete, unsorted grains with 2 mm or more in diameter and the thickness can reach 1 to 2 cm ([Supplementary Fig. S2B](#s1){ref-type="supplementary-material"}). The physical features (e.g., grain size and color) of the dark layers are quite similar to those of aeolian deposits that we collected across lake ice in winter. The light layers are thicker than the dark layers with an average thickness of 1.62 mm ([Supplementary Fig. S3B](#s1){ref-type="supplementary-material"}), mainly composed of clay minerals and carbonates, and contain many ostracod shells and Cladocera remains. The mineral compositions of single dark and light layers are quite different. Light layers contain ca 13--20% aragonite which is an authigene mineral while dark layers do not contain aragonite ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). Accordingly, we suggest that dark layers are formed by coarse sand and silt that were deposited on lake ice by aeolian processes during winter. Upon ice thawing during summer, these sands and silts may be released and deposited into lake sediments. The light layers are interpreted to represent summer season accumulations, when carbonates deposited, and Ostracodes and Cladocera grew under warm temperature conditions.

Previous studies have demonstrated that varve-thickness records from glacial-fed lakes are physically linked temperatures and should provide a record of past summer temperatures[@b12][@b13]. Warm summers can often result in significant melting of glaciers and snowmelt, and thus lead to high runoff and sediment flux to lakes[@b12][@b13]. As light layers of varved Kusai Lake sediments are formed during summers, we compare thicknesses of light layers (LT) with summer temperatures (June--July--August, average JJA temperatures) from the Wudaoliang station ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}), the nearest available meteorological data. Average JJA temperatures and thicknesses of light layers between 1957 and 2009 AD show a positive relationship ([Supplementary Fig. S4C](#s1){ref-type="supplementary-material"}, r = 0.534, p = 0.01, n = 53): T~JJA~ = 0.51 × LT + 3.93, where T~JJA~ is the average summer temperature (°C), and LT is the thickness of light layers (mm).

Based on the above formula, we estimate JJA temperature from 350 to 2010 AD ([Fig. 2A](#f2){ref-type="fig"}). In order to reveal a long-term temperature record, a 51-year moving average was obtained to smooth temperature variations. According to the JJA temperature variation ([Fig. 2A](#f2){ref-type="fig"}), there is a cooling period from 350 to 600 AD, which corresponds to the Dark Age Cold Period (DACP). This cooling period is consistent with China temperature variations based on compilations of proxy records[@b14] ([Fig. 2D](#f2){ref-type="fig"}). Following this cooling period, temperatures increased until 1250 AD. There are two warm periods from 600 to 720 AD and from 800 to 1100 AD ([Fig. 2A](#f2){ref-type="fig"}), which are well correlated with the Sui and Tang dynasty warm period in China and the Medieval Warm Period in Europe, respectively. The latter is the warmest period in Kusai Lake for the last 1600 years ([Fig. 2A](#f2){ref-type="fig"}). This period is characterized by two temperature peaks around 900 and 1000 AD. A 1300 year climatic record from tree-rings of the Karakorum in Pakistan also shows that the warmest conditions occurred between 800 and 1100 AD[@b15] ([Fig. 2C](#f2){ref-type="fig"}). Beginning at 1250 AD, the temperature decreased until 1760 AD and the northern Qinghai--Tibetan Plateau experienced a cold period of the so-called Little Ice Age (LIA) ([Fig. 2A](#f2){ref-type="fig"}). This cold period is also recorded in many regions of China[@b14]. After the LIA stage, temperature began to increase ([Fig. 2A](#f2){ref-type="fig"}).

Our reconstructed temperature records based on varve thickness from Kusai Lake show a positive correlation with tree-ring records from Karakorum of Pakistan at annual time scale[@b15] ([Fig. 2C](#f2){ref-type="fig"}, r = 0.115, p = 0.01, n = 1356), and with temperature reconstructions of China ([Fig. 2.C](#f2){ref-type="fig"}, r = 0.256, p = 0.01, n = 162) and the North Hemisphere ([Fig. 2.D](#f2){ref-type="fig"}, r = 0.242, p = 0.01, n = 162) based on compilations of proxy records at decadal time scale[@b14][@b16]. So, our reconstructed temperature records are generally in agreement with tree-ring records Karakorum of Pakistan at annual time scale, and temperature reconstructions of China and the North Hemisphere based on compilations of proxy records at decadal time scale. However, the amplitude of temperature decrease during the LIA stage in the northern Qinghai--Tibetan Plateau is lower than that of reconstructed temperatures in China and the North Hemisphere[@b14][@b16] ([Fig. 2A, 2C, and 2D](#f2){ref-type="fig"}). The amplitude of temperature decrease based on the tree-ring records Karakorum[@b15] during the LIA stage is also small ([Fig. 2B](#f2){ref-type="fig"}). This is probably because the accumulation of light layers of varved kusai Lake sediments and the growth of tree ring mainly occur in summer season, which possibly indicates that the cooling of summer temperature is to a lesser extent than that of winter temperature during the LIA stage. Another difference is that there is no trend in temperature in the Kusai Lake record over the 20th century ([Fig. 2A](#f2){ref-type="fig"}). The reason for this is possibly due to that the 20th century warming is not obvious in the Northern Qinghai-Tibetan Plateau. Karakorum tree ring records also show that there is no obvious 20th century warming ([Fig. 2.B](#f2){ref-type="fig"}).

Kusai Lake is located in the Hoh Xil region which experiences the highest frequency of dust storms in Qinghai Province[@b17]. The meteorological data from the Wudaoliang station shows that wind speed is generally high in winter ([Supplementary Fig. S1B](#s1){ref-type="supplementary-material"}). The strong winter wind can result in dust storm and aeolian sediment flux to lake ice. Therefore, we compare the thicknesses of dark layers (DT) with average wind speed (AWS) from the Wudaoliang station ([Supplementary Fig. S5A and B](#s1){ref-type="supplementary-material"}). The result shows that DT is positively correlated with AWS from 1957 to 2009 AD: AWS = 6.28 × DT + 1.70 ([Supplementary Fig. S5C](#s1){ref-type="supplementary-material"}, r = 0.733, p = 0.01, n = 53), where AWS is the average of annul wind speed (m/s), and DT is the thickness of the dark layer (mm).

Based on the above formula, we calculate the AWS from 350 to 2010 AD ([Fig. 3A](#f3){ref-type="fig"}). In order to highlight long-term AWS variations, a 51-year moving average was obtained to smooth AWS reconstruction ([Fig. 3B](#f3){ref-type="fig"}). Five high AWS periods, 520--700 AD, 820--1040 AD, 1130--1220 AD, 1430--1580 AD, and 1720--1860 AD, are revealed, which suggests that dust activity is strong during these five periods ([Fig. 3A and B](#f3){ref-type="fig"}). Between these five high AWS periods, there are six low AWS periods occurring in 350--520 AD, 700--820 AD, 1040--1130 AD, 1220--1430 AD, 1580--1720 AD, 1860- present, suggesting a week dust activity ([Fig. 3A and B](#f3){ref-type="fig"}). The variations of dust activity in Kusai Lake record are generally in agreement with those inferred from Ti content ([Fig. 3D](#f3){ref-type="fig"})[@b18] and the ratio of the grain-size fraction of 6--32 μm over 2--6 μm from sediment core of the Aral Sea over the last 2000 years ([Fig. 3E](#f3){ref-type="fig"})[@b19]. The highest dust activity in our record occurred in 1430--1580 AD, which corresponds to the LIA. Dust records indicated by the Mg^2+^ concentration from the Guliya ice core ([Fig. 3F](#f3){ref-type="fig"}) and the microparticle concentration of the Dunde ice core ([Fig. 3G](#f3){ref-type="fig"}) during the last 600 years also show that the strongest intensity of dust storms occurred from 1450 to 1650 AD[@b8]. This phenomenon had also been recorded in Juyanhai lake, where a most terrible dust storm caused desertification during 1550 AD in northwest China[@b20].

Discussion
==========

At large time scale (such as glacial to interglacial transitions), records from loess sediments, and ice cores indicate that dust concentrations were higher in glacial periods than in interglacial periods[@b21][@b22]. Similarly, regional characteristics of dust storms from 135 stations in northern China from 1954 to 1998 indicate that there is a negative correlation between prior winter temperature and dust storm frequency for most stations[@b23]. Simulations on atmospheric dust loading also suggest that future dust may be 20 to 60% lower than current dust loadings if the global temperature continues to rise[@b24]. These results suggest that high atmospheric dusting loading results from temperature increase. In contrast, three-dimensional climate simulations suggest that high glacial dust loading may have caused significant, episodic regional warming of over 5°C downwind of major Asian and ice-margin dust sources[@b25]. In contrast to the negative correlation between dust activity and temperature at glacial - interglacial time scale (tens of thousands of years), at decadal to centennial time scales, dust records from Dasuopu and East Rongbuk ice core in the Tibetan Plateau show a significant positive relationship between the dust concentration and reconstructed air temperatures during the last 600 years[@b26][@b27][@b28]. Conroy et al. (2010) reached the same conclusion based on studies of sediment records from two lakes, Kiang Co and Ngamring Co, in southwestern Tibet over the last \~100 years[@b29]. Similarly, in the southern Hemisphere, ice core record of aluminum deposition in the northern Antarctic Peninsula shows that aluminosilicate dust deposition was more than doubled during the 20^th^ century relative to previous centuries, and this increased dust deposition was coincident with the 1°C Southern Hemisphere warming[@b30].

The inconsistency between dust activity and temperature (either negative or positive) is partly caused by different records used for dust activity and temperature reconstructions. In this case, different age models and inter-record correlations can all introduce errors. In our study, both dust activity and temperature are reconstructed from the same record which should have eliminated these errors. There is a weak positive relationship between the light and dark laminae thickness (r = 0.169, p = 0.01, n = 1639) at annual time scale, but the correlation coefficient increases highly after a 51-year moving average was made (r = 0.57, p = 0.01, n = 1589), which indicates that week and strong dust activities at centennial time scales are well correlated with low and high JJA temperatures ([Fig. 3B and C](#f3){ref-type="fig"}), respectively. Accordingly, a less or more dusty future depends on temperature variations in the Northern Qinghai-Tibetan Plateau. Ruddiman indicated that more intense summer insolation maxima and deeper winter insolation minima always occur together at any one location[@b31]. As a result, stronger summer monsoon should occur at the same times in the past with stronger winter monsoon. The positive relationship between the light and dark laminae thickness suggests that increased temperatures led to strong dust activity, while decreased temperatures resulted in weak dust activity in the northern Qinghai--Tibetan Plateau. Our records show that, at annual time scales, especially at centennial time scales, stronger summer and winter monsoon should occur at the same times.

Methods
=======

In september 2006, a 3.5 m long sediment core was recovered from the southeastern region of Kusai Lake at a water depth of 14.5 m using UWITEC coring equipment, and two short cores (29 cm and 43 cm in length, respectively) parallel to the long core were collected using a gravity corer ([Fig. 1](#f1){ref-type="fig"}). The long sediment core (3.5 m in length) and a short core (43 cm in length) were used for thin section preparation. Undisturbed sediment slabs (7 × 1.5 × 1 cm) were collected continuously down core with 2 cm of overlap between two consecutive slabs to ensure that all couplets of varves were represented. All sediment slabs were freeze-dried and embedded with low viscosity epoxy resin under low vacuum. Following impregnation, sediment slabs were cut length-wise, and ground to a thickness of approximately 40 μm ([Supplementary Fig. S6](#s1){ref-type="supplementary-material"}). Optical microscope analyses were performed to study sedimentary microfacies, to count varves, and to measure the varve thickness.

The 29 cm short core was sampled at 0.5 cm intervals in the laboratory and core slices were radiometrically dated by measuring ^210^Pb and ^137^Cs activity as a function of depth. Sedimentation rates and chronologies were calculated using the ^210^Pb data and the constant initial concentration model (CIC), which assumes that the sediments have a constant initial excess lead-210 concentration[@b32]. ^137^Cs activity was measured to check the ^210^Pb-derived dates. AMS ^14^C ages from seventeen levels in the long core were determined on bulk organic carbon at Rafter Radiocarbon Laboratory, Institute of Geological and Nuclear Sciences (GNS), New Zealand, and Beta Analytic Inc. (Miami, Florida, USA), and AMS Lab of Peking University, China ([Supplementary Table S2](#s1){ref-type="supplementary-material"}).

Varves were counted at least three times to ensure data quality and consistency. We estimate an approximate 1% error in varve ages based on replicate counts. The initial rise in the ^137^Cs activity occurs at 11.0 cm and can probably be ascribed to the onset of significant fallout in 1954 AD in the northern hemisphere ([Supplementary Fig. S7A](#s1){ref-type="supplementary-material"}). A ^137^Cs peak at 8.5 cm corresponds to 1963 AD ([Supplementary Fig. S7A](#s1){ref-type="supplementary-material"}). The ^210^Pb-based chronology (CIC model) is generally in good agreement with the ^137^Cs-based chronology ([Supplementary Fig. S7A](#s1){ref-type="supplementary-material"}). In addition, ages determined from couplet counting fit well with the ^210^Pb and ^137^Cs ages ([Supplementary Fig. S7A](#s1){ref-type="supplementary-material"}).

The age (^14^C)/depth correlation for the Kusai Lake record is shown in [Supplementary Fig. S7](#s1){ref-type="supplementary-material"}. A comparison of the ^210^Pb- and ^137^Cs-based ages (1950 AD or 0 yr BP) with the linearly fitted ^14^C age at the same depth (11-cm) (i.e., 3180 yr BP) suggests that the radiocarbon age is in excess of the ^210^Pb and ^137^Cs age by 3180 yrs ([Supplementary Fig. S7B](#s1){ref-type="supplementary-material"}) which is similar to our previous results[@b11][@b33]. A reservoir effect caused by dating of aquatic plants or lacustrine algae could account for this time excess by ^14^C dating. In these aquatic plants and lacustrine algae, carbon could be directly derived from hard-water lakes, which is a common problem in the radiocarbon dating of lacustine sediments in the arid-semiarid regions of Western China[@b34]. Thus, we subtracted 3180 years from all ^14^C ages prior to calibration. The calibration and age-depth model were constructed using the recently developed Bayesian method[@b35], which takes the accumulation rates into account. The model was carried out using the default settings for lake sediments with 5-cm resolution, and calibrated using the IntCal09 dataset[@b36] ([Supplementary Fig. S7B](#s1){ref-type="supplementary-material"}). Age difference between varve age and calibrated age still exists, which varies from 9 to 457 years. This indicates that the ^14^C reservoir effect correction of 3180 yr was not constant due to negative or positive hydrologic budget in Kusai Lake over the past 1600 yr. In spite of this, many calibrated ages still agree well with those from couplet counting. Thus, ^137^Cs, ^210^Pb, ^14^C, and varve counting results suggest that the sediment couplets in Kusai Lake sediments are varves ([Supplementary Fig. S7A and 7B](#s1){ref-type="supplementary-material"}). Our age model is based on varve counting.
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